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Abstract 
A solid oxide fuel cell’s (SOFC) performance is largely determined by the 
ionic-conducting electrolyte. A novel approach is presented for using the 
semiconductor perovskite LaR0.25RSrR0.75RTiOR3R (LST) as the electrolyte by creating 
surface superionic conduction, and the authors show that the LST electrolyte can 
deliver  superior power density, 908.2 mW·cmP-2P at just 550 °C. The prepared LST 
materials formed a heterostructure including an insulating core and a super ionic 
conducting surface layer. The rapid ion transport along the surfaces or grain 
boundaries was identified as the primary means of oxygen ion conduction. The fuel 
cell-induced phase transition was observed from the insulating LST to a super OP2-P 
conductivity of 0.221 S·cmP-1P at 550 °C, leading to excellent current and power 
outputs.   
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1. Introduction 
A SOFC is a promising device for direct conversion of the energy stored in 
chemical fuels into electricity. Lowering its operating temperature is a universal 
R&D challenge for enabling them to meet the demands of commercialization. P1P 
Over an extended period, commercialization of SOFCs has been delayed by its 
associated manufacturing and maintaining costs due to the high operation 
temperature (700-1000 °C). The main ionic transport mechanism of the SOFC 
electrolyte materials, such as 8mol.% YR2ROR3R stable ZrOR2R (YSZ), gadolinia 
doped ceria (GDC) and strontium- and magnesium- doped lanthanum gallate 
(LSGM), is bulk diffusion, which is primarily affected by the structural doping 
and operating temperatures.P2-5P For low-temperature operations, various 
advanced thin film technologies have been used to fabricate thin YSZ 
electrolyte devices; in parallel, new materials that address the problems caused 
by high-temperature operation have also been attractive.P6-9P For existing 
materials, the use of advanced thin film technologies greatly increases the cost 
and negatively affects the long-term stability of the SOFC stack.P8, 10-12P 
Therefore, new electrolyte materials for LT-SOFCs are highly necessary but the 
structural doping approach and bulk ionic conduction mechanism present ever 
stronger challenges without definitive solutions. In recent years, the interfacial 
diffusion phenomenon has attracted intense attention.P13-15P Barriocanal et al. 
reported a colossal ionic conductivity at the interfaces of epitaxial 
  
ZrOR2R:YR2ROR3R/SrTiOR3R (YSZ/STO) heterostructures. This is the first report on the 
great ionic conductivity enhancement for the YSZ in a typical semiconductor 
(STO) and ionic conductor YSZ composite material. The eight orders of 
magnitude enhancement of the ionic conductivity of YSZ was considered to 
represent the values that enable the practical application of the material in 
SOFCs approaching room temperature.P13P Lee et al. reported that the ionic 
conductivity of 20 nm diameter YSZ nanocolumns that are strain-coupled to 
thick epitaxial STO matrix nanocomposite films is two orders of magnitude 
higher than that of the plain YSZ films.P14P Maier showed that the ionic transport 
properties are also drastically changed at the interfaces and may dominate the 
ionic conductivity of the whole material.P15P Haverkate et al. found that 
decreasing the dimensions of heterogeneous mixtures of ionic conductors 
toward the nanoscale results in ionic conduction enhancements caused by the 
increased influence of the interfacial space-charge regions.P16P Very recently, 
semiconductors alone have been introduced as the electrolytes for advanced 
LT-SOFCs. Considering LiRxRCoR0.5RAlR0.5ROR2R, at 500PoPC, proton conductivity can 
reach 0.1 S·cmP-1P and when used as the electrolyte can achieve 180 mW·cmP-2P at 
525 PoPC;P17P a perovskite SmNiOR3R used as the electrolyte for a fuel cell device 
also successfully delivered a power density 225 mW·cmP-2P at 500 °C, 
respectively.P18P Both have reported very interesting super-protonic conduction 
transitions. When applied in the fuel cell environment, the Li RxRCoR0.5RAlR0.5ROR2R 
experienced a super-proton conduction transition by incorporating the HP+P into 
  
its interlayer structures; in the SmNiOR3R (SNO) case, it experienced a Mott 
transition from a metallic conduction transforming into a proton conductor, 
H-SNO. This is caused by strong correlation due to the Coulombic interactions 
of electrons.P18 PThese semiconductors, LiRxRCoR0.5RAlR0.5ROR2R and SNO as the 
electrolyte fuel cells in a freestanding membrane geometry are the same as 
reported for the single layer fuel cell (SLFC).P19-22P The SLFC or electrolyte-free 
fuel cell (EFFC) concept was demonstrated and good fuel cell performance has 
been achieved in a wide range of materials commonly consisting of a 
semiconductor and an ionic conducting material. P19-22 
Reviewing the aforementioned new research and development on SOFCs, 
the semiconductors and their heterostructure materials deserve much more 
attentions and R&D efforts.  Here, we report a new promising perovskite 
LaR0.25RSrR0.75RTiOR3R (LST). Unlike the SNO, the LST is almost an insulator in the 
as-prepared state and becomes a high oxide-ion conductor under the fuel cell 
conditions, resulting in the excellent fuel cell performance of 908.2 mW·cmP-2P at 
550 °C. This greatly enhanced electrical property is not attributed to a structural 
change but to a mechanism related to the grain boundaries and surface states by 
forming a heterostructured semiconducting core with a superionic surface layer.  
2. Experimental 
2.1 Synthesis of LST 
LaR0.25RSrR0.75RTiR1ROR3R powders were synthesized by the sol-gel method.P23 PLaR2ROR3R 
(99.99%), SrCOR3R (98%), titanium (+IV) isopropoxide Ti[OCH(CHR3R)R2R]R4 R(98%), 
  
Al(NOR3R)R3R·9HR2RO (99%), Sc(NOR3R)R3 R(99.999%), Ga(NOR3R)R3R·9HR2RO (99.99%), 
ethylene glycol, citric acid and nitric acid were used as the raw materials. First, 
LaR2ROR3R powder was pre-calcined at 1000 °C to remove the adsorbed moisture. 
Ti[OCH(CHR3R)R2R]R4R was dissolved in ethylene glycol (volume ratio: 1/4) under 
gentle magnetic stirring. Citric acid was then added into the Ti[OCH(CHR3R)R2R]R4R 
and ethylene glycol solution with a Ti cation and citric mole ratio of 1/4. The 
pre-calcined LaR2ROR3R and SrCOR3R were dissolved in nitric acid. The solutions with 
stoichiometric ratios of the TiP4+P aqueous solution, La and Sr nitric acid were 
mixed under gentle stirring for 12 h. The precursor solution was heated and 
stirred continuously for several hours to evaporate the water and to form brown 
gels. The gels were then dried and pyrolyzed on a hot plate at 530 °C in a 
ceramic crucible for 2 h. The pyrolyzed LST ash was sintered at 1200 °C in air 
for 2 hours. 
2.2 Fabrication of fuel cell 
The as-prepared LST as the electrolyte which was sandwiched between two 
Ni-foam pasted by NiR0.8RCoR0.15RAlR0.05RLiOR2R used as the electrode and current 
connector. The sandwich was then pressed under a uniaxial load of 280 MPa to 
form a symmetrical single fuel cell device. In the fuel cell test process, the 
Ni-foam coated with NCAL played the role of the anode and cathode under 
different gas flows. The cell has a diameter of 13 mm and a thickness of 1.5 
mm with the effective area of 0.64 cmP2P. 
2.3 Material characterizations 
  
The phase structure of the as-prepared LST powder material was 
characterized using an X-ray-diffractometer. JEM-ARM200F STEM fitted with 
a STEM Cs corrector was used to perform the HAADF imaging. The surface 
characteristics of the LST powder were analyzed using X-ray photoelectron 
spectroscopy (XPS) and Raman spectrometry. The XPS spectra were recorded 
on a Thermo scientific Escalab 250Xi XPS system with a monochromatic twin 
anode Al/Mg X-ray source. The binding energies and oxidation states were 
obtained from high-resolution scans. The Raman spectra were recorded on a 
HORIBA JOBIN YVON HR800 with the wavelength of 488 nm. 
Micro-structures of the cells were characterized with FE-SEM. The FTIR 
spectra were recorded by a Nicolet-380 (Thermo, USA) spectrophotometer with 
4 cmP-1 Presolution in the range of 4000-400 wavenumbers (cmP-1P). TGA was 
performed between 30 and 1200 °C using an SDT-Q600 instrument (TA, 
USA).  
2.4 Electrochemical measurements  
Electrochemical performance tests of the cells with different LST 
electrolytes were performed in humidified HR2R in the 450-550 °C temperature 
range. Air was supplied as the oxidant. The flow rate of HR2R and air to each side 
of the cells was 100 mL·minP−1P at the pressure of 1.5 atm. The impedance of the 
cells was measured between 0.1 Hz and 1 MHz using a Gamry Reference 3000 
electrochemical workstation with the AC voltage with the amplitude of 10 mV 
  
under open-circuit conditions. The IV curves of the cells were measured using 
computerized instruments (IT8511+ 120 V/30 A/150 W). 
3. Results and discussion 
Figures S1 and 1(a)-(b) show the XRD pattern and low-magnification 
STEM image and the HAADF-STEM image of the LST powder. The XRD 
pattern with the indexed diffraction peaks can be identified as a cubic 
perovskite structure. The contrast of the high-angle annular dark-field imaging 
(HAADF) image is very powerful, enabling the study of the local environments 
of the heavy atoms. The average particle size of the LST powder is 100-400 nm, 
as shown in Fig. 1(a). An HAADF-STEM image of the surface area of the LST 
powder is shown in Fig. 1(b). The blue and green circles in Fig. 1(b) represent 
the A site and B site cations, respectively, of the LST ABOR3R structure. The 
average distance between two A-site cations was approximately 0.39 nm, 
consistent with the previously reported lattice parameter of LST.P24P According 
to the principle of HAADF-STEM Z-contrast imaging, the layer with little 
highlighted cation Z-contrast imaging at the surface of the LST in Fig. 1(b) is 
identified as an amorphous layer. The thickness of this amorphous layer is 
approximately 1 nm. The bulk core and amorphous shell of the LST particles 
constitute a very unique core-shell structure. Here, the core- shell structure of 
the LST particle can be considered as a novel heterostructure as discussed 
below. As shown in Fig. 1(c), continuous interfaces were formed when a large 
number of particles were compacted together. Such a continuous space charge 
  
area in the compact LST interfacial layer will become the transport channel for 
the ions. In solid state ionics, a space charge region is widely believed to exist 
at the overlapping part of the interface between two ionic conductors or at the 
surface of the conductor.P13-16, 25-27P Such space charge regions presumably 
exhibit a very high ionic conductivity.  
 The authors developed a symmetrical fuel cell using the LST as the 
electrolyte. Fig. 1(d) shows the diagram of the symmetrical device with the 
Ni-NCAL/LST/NCAL-Ni structure, where Ni-NCAL is a semiconductor 
NiR0.8RCoR0.15RAlR0.05RLiOR2R (NCAL) pasted onto Ni-foam as the electrode. The 
electrochemical performance of as-fabricated cell was measured in dry HR2R at 
the temperature range of 450~550 °C with air as the oxidant. The I-V and I-P 
characteristics of the cell are shown in Fig. 2. Peak power densities of 908.2, 
548.4 and 297.2 mW·cmP-2P were obtained at 550, 500 and 450 °C, respectively. 
In a traditional SOFC, such electrochemical performance is typically obtained 
in a cell with a very thin electrolyte film.P8P The cell shows such high 
electrochemical performance at low temperature, the Ni-NCAL composite 
electrodes play a very important role. The details of the ORR and HOR 
mechanisms of the foam Ni-NCAL composite electrodes have been reported in 
our previous study.P28P What is more interesting is why LST can be used as an 
electrolyte and has a high ionic conductivity.  
It is important to note that although LST is an electronic conductor in a reducing 
atmosphere in the traditional sense,P23, 29-30P the open circuit voltages of the cell are 
  
1.128, 1.141 and 1.212 at 550, 500 and 450 °C, respectively, in agreement with the 
values calculated using the Nernst equation.P24P Fig. 3 shows the OCV changes with 
time after HR2R and air were supplied on two sides of the cell with the LST electrolyte. 
The OCV rapidly increased within 80 s after supplying HR2R/air. The OCV was close to 
1.1 V in a few minutes. Such a high OCV indicates that no obvious internal short 
circuit induced by the electrical conduction of LST was observed.  
Fig. 4 shows the SEM images of the cross section of the symmetrical cell with the 
Ni foam-NCAL/LST/NCAL-Ni foam structure prepared in this study. The Ni-NCAL 
electrode and the LST electrolyte thicknesses are both approximately 0.5 mm. The 
NCAL electrode shows a porous structure. From Fig. 4, one can see that the NCAL is 
completely embedded in the Ni foam. Ni foam, NCAL and LST three materials 
constitute the active region of the electrode reactions. The LST electrolyte is dense, so 
that it does not allow hydrogen permeating through it in the present case. The high 
OCV shown in Fig. 3 confirmed this point. Unlike the electrolyte in traditional 
SOFCs, LST electrolyte did not undergo the densification process with sintering at 
high temperature. The LST in the electrolyte still maintains the shape of the powder 
particles. We refer to such a LST electrolyte as a gas-tight layer even without high 
temperature densification. 
As an electron conductor, the behavior of LST has some similarity to the SNO 
case, but is not due to a Mott transition because our LST material is initially shows a 
very low conductivity of 10P-6P S·cmP-1P whereas SNO shows metallic behavior with the 
electrical conductivity of 1000 S·cmP-1P.P18P Zhou et al. demonstrated a filling-controlled 
  
Mott transition on SNO to avoid the electron internal short-circuit problem in an 
SOFC due to the formation of an electronic insulating proton-conducting H-SNO 
layer.P18P A different mechanism occurs in our case because the almost insulating LST 
experienced by a HR2R/air induced a phase transition to a super oxide-ion conducting 
phase, as will be further discussed below.  
To investigate the electrical properties of the LST in the fuel cell, EIS 
measurements were conducted at 550 °C in different atmospheres, in the 
following order: in air/air, HR2R/air, NR2R/NR2R and air/air. Air was first supplied on 
both sides of the cell for the EIS measurement, with the results shown in Fig. 
5(a). HR2R flowed into one side of the cell to replace the air after the EIS 
measurement in air/air. The EIS measurement was again performed after 
flowing HR2R for 10 min. The EIS of the cell in a NR2R/NR2R atmosphere were 
measured after both the HR2R and air in the cell were purged by pure NR2R for 1 h. 
Finally, the NR2R in both sides of the cell was replaced by air for another 1 h, then 
completing the final EIS measurement in air/air. The EIS results of the cell in 
different atmospheres are shown in Fig. 5(b).  
Examination of Fig. S3 shows that the NCAL exhibits high electronic 
(hole-type in the air) conduction with the electrical conductivity of 9.8 
S·cmP-1P.P31P Thus, the high resistance of the cell in the air/air atmosphere, as 
observed in Fig. 5(a), should be due to the LST electrolyte. The equivalent 
circuit simulations (see Fig. S4) show that the EIS in air/air displays electronic 
and ionic conduction effects. The calculation shows that the electronic 
  
resistance of the cell in air is 27580 Ω·cmP2P and the ionic resistance of the LST 
electrolyte is 10030 Ω·cmP2P. Fig. 5(b) displays the impedance spectra of the cell 
with HR2R/air, NR2R/NR2 Rand based to air/air flowed sequentially. The intercept of the 
impedance arc on the real axis in Fig. 5(b) at high frequencies represents the 
ohmic resistance (Ro) of the LST because the other participating resistances of 
the NCAL-Ni foam electrodes and some contact resistance associated with the 
device can be ignored due to their much high conductivities compared to the 
LST. It can be seen that the resistance of the cell arising from the LST 
electrolyte decreased from 37610 Ω·cmP2P to approximately 0.52 Ω·cmP2P under 
the HR2R/air for 10 min. Such a large resistance change of the cell indicates that 
the fuel cell atmosphere plays a key role in inducing some phase transition. 
Turning to the case of NR2R/NR2R, the Ro and polarization resistance (Rp) of the 
LST were changed to 1.87 Ω cmP2P and 3.45 Ω·cmP2P. Finally, returning to air/air 
after the NR2R was replaced by air for 1 h, the Ro and Rp of the LST decreased 
again to approximately 1.12 Ω·cmP2P and 1.45 Ω·cmP2P, respectively. These results 
correspond to the LST conductivities of 0.221 S·cmP-1P in HR2R/air and 0.045 
S·cmP-1P for back to air/air but starting from 1.35*10P-6P S·cmP-1P first in air/air. It 
may be noticed that this phase transition is not reversible. The significantly 
reduced total resistance of the cell going back to the air/air indicates that after 
undergoing a transition during the fuel cell measurement the LST remains a 
good oxygen ion conductor. It is reasonable to assume that the shell layer 
transforms into superionic conduction channels because we found that the shell 
  
layer is filled by oxygen vacancies, indicating a superionic conducting phase, 
which was analyzed by XPS, FITIR and Raman after the fuel cell operation as 
discussed below. 
To further determine the oxide-ion conducting property for the LST 
samples, the authors utilized the benchmark oxide-ion conductor, e.g., 
gadolinium doped ceria (GDC) as the standard. Fig. 6 shows the IV-IP curve of 
the cell with the bi-layered LST/GDC electrolyte and the corresponding 
schematic of the cell. This cell was fabricated to replace the LST electrolyte 
using the LST/GDC bi-layer in the same way as the LST cell. Here, the 
oxide-ion GDC electrolyte acts as the OP2-P filter that can only allow the OP2-P 
transport through the LST. It was observed that the OCV of the bi-layered 
LST/GDC electrolyte cell is 1.11 V. The peak power density of the bi-layered 
LST/GDC cell is 543.1 mW·cmP-2P, which is indeed high for a cell with such a 
thick electrolyte layer with the thickness of 1.0 mm. The GDC is well-known as 
an oxygen ion conductor so the authors argue that the remarkable peak power 
density may be attributed to the capability of the LST to conduct oxygen ions. 
An additional experiment was conducted to prove this hypothesis. We observed 
that the color of the allochroic silica gel changed after the cell’s anode exhaust 
gas passed through it. This is because of the water formation at the anode side. 
This strongly indicates that the LST electrolyte prepared in present case can 
conduct oxygen ions. It should be noted that these results still can not exclude 
  
whether LST electrolyte has proton conduction characteristics, which needs 
further study in future research.   
Notably, the ionic conductivity of the LST calculated from the I-V curve of 
the cell shown in Fig. 2 is approximately 0.221 S·cmP-1P at 550 °C. This indicates 
an ionic conductivity of the LST which is much higher than that of traditional 
oxygen ion conductors (SDC, GDC, LSGM, etc.) at the same temperature. P3-5P It 
has been widely reported that LST is an n-type electronic semiconductor in a 
reducing atmosphere with a very poor ionic conductivity.P32P Compared to the 
conventional structural doped materials, e.g., YSZ, SDC, etc., bulk conduction 
and diffusion is unlikely to be the primary oxygen ion diffusion mechanism in 
the LST. We believe that the main path for the oxygen ion transport should be 
attributed to the space charge area between the LST particles, as indicated in 
Fig. 1.  
XPS analysis further discovered that the non-lattice oxygen existed in the 
surface of LST powders treated in different conditions. Two types of O binding 
states were identified in Fig. 7(a), according to the literature.P33-35P The stronger 
peak at approximately 529.05 eV is identified as the OP2-P ions related to the 
lattice oxygen in the perovskite structure of LST (represented by the green 
dashed line and denoted as lattice oxygen). The peak at approximately 531 eV 
is assigned to the oxygen ions in the oxygen vacancies region and an 
intermediate oxidation state of oxygen, OPx-P (0＜x＜2), and it may be related to 
the hydroxyl (OH) groups. One may observe that the amount of OH groups and 
  
the oxygen vacancies in the LST powder after reduction in HR2R increased 
slightly compared to that in the raw powder (see Fig. 7 and Table S2). However, 
the amount of OH groups and oxygen vacancies increased significantly in the 
LST after the fuel cell measurement in HR2R/air conditions. FTIR spectra and 
TGA studies that are shown in Fig. S6 support this interpretation. The Raman 
analysis on variation of the surface oxygen vacancy concentrations in these 
LST samples is consistent with the XPS fitting result (see Fig. S7 and Table 
S3). 
Fig. 8 shows the HRTEM images of LST powder before and after 
performance test. A lattice disorder layer with thickness of 1.2nm was observed 
for the raw LST powder in Fig. 8(a), which is identified as an amorphous layer. 
The structure of the raw LST powder with such amorphous layer is considered 
as a novel core-shell structure. From Fig. 8(b), it can be seen that the 
amorphous layer thickness of the LST powder scraped from the cell after the 
fuel cell measurements is increased. After the fuel cell performance test, the 
crystallization phenomenon appeared inside the amorphous layer of LST 
particles. Combined with the XPS results of Fig. 7(c), we can see that the 
oxygen vacancy concentration in the amorphous layer of LST scraped from the 
cell after the fuel cell measurements should be significantly increased. The EIS 
results in Fig. 5(a) and (b) show that the LST electrolyte has undergone a phase 
transition in the fuel cell test atmosphere, from a similar insulating phase to a 
very high ionic conductivity phase. From the HRTEM results of Fig. 8, we can 
  
see that the phase transition of LST electrolyte should happen on the surface of 
LST particles. The partially crystallized and widened amorphous layers with 
large amounts of oxygen vacancies become the ion fast conduction channels of 
LST electrolytes. From the EIS test results of Fig. 5(a) and (b), this phase 
transition is irreversible. Once a phase of high ionic conductivity is formed on 
the surface of LST in the fuel cell test atmosphere, the phase will not disappear 
in the air.  
It is well known that XPS and Raman are both sensitive to the surface of the 
material. Combined with the HRTEM results shown in Fig. 8, it can be 
suggested that some oxygen vacancies detected in the LST powder should 
primarily exist in the amorphous layer on the LST surface. The amorphous 
layer with the oxygen vacancies and an inner bulk LST constitutes the 
core-shell structure. The XPS and HRTEM results shown in Fig. 7(b) and Fig. 
8(b) indicate that HR2R reduction alone cannot lead to the significant change of 
the surface oxygen vacancy concentration in the LST powders. However, 
operation in fuel cell HR2R/air environment results in a great decrease of the cell 
resistance (see Fig. 5 (a)), and the oxygen vacancies are observed to be 
significantly increased in the LST after the fuel cell measurement, see Fig. 7(c). 
This fact may well explain the large reduction of the cell resistance from the air 
to the HR2R/air conditions, see Fig. 5(b).  
Figure 9 presents an overview of the LST electrical properties and ionic 
conducting mechanism. Fig. 9(a) shows the total electrical conductivity change 
  
of the LST cell in the air/air and air/HR2R conditions, which are calculated using 
the EIS results shown in Figs. 5(a) and 5(b). The total electrical conductivity of 
the cell changed from 1.35*10P-6P S·cmP-1P in air/air, corresponding to an 
insulating state, to 0.221 S·cmP-1P in air/HR2R after several minutes. A phase 
transformation induced by the fuel cell conditions presumably occurred in the 
amorphous shell of the LST particles. The HR2R/air atmosphere reduces the 
formation energies of the oxygen vacancies in the amorphous shell of the LST 
electrolyte.P36P The low oxygen vacancy formation energies of the space charge 
area make the incorporation of lattice oxygen more easily exchanged in the 
HR2R/Air atmosphere, resulting in more oxygen vacancies formed in the 
amorphous shell of the LST, thus facilitating oxide-ion mobility.  
In this case, the surfaces or boundaries of the LST particles are linked 
together to form a channel for oxide-ion transport in the fuel cell as shown in 
Fig. 9(b). As reported, the ionic conductivity of an oxide-ion conductor can be 
enhanced significantly by forming a heterostructure composite between the 
oxide-ion conductor and a semiconductor.P37-38P The great enhancement of the 
ionic conductivity in YSZ/STO and YSZ-STO/SDC-STO heterostructure is an 
example of this effect.P13-14P A similar situation can be applied for the LST. We 
consider the core-shell structure of the LST as a heterostructure consisting of an 
inner bulk LST semiconductor and an oxide-ion conducting amorphous surface 
layer which is filled by high oxygen vacancy defects. A remarkable 
enhancement of the oxide-ion conductivity for the LST is consequently 
facilitated. Recently, mounting evidence indicates that due to the strong 
correlation properties of transition metal oxides, the two-dimensional electronic 
  
states at their interfaces are very different from those of the conventional 
semiconductor interface.P39P An interface superconducting phenomenon has 
attracted growing interest.P40P The most well-known example is the 
LaAlOR3R/SrTiOR3R (LAO/STO) heterostructure, which is reported to show 
quasi-two-dimensional superconducting.P40-42P A ‘electronic reconstruction’ 
based on the concept of ‘polar catastrophe’ in the two-dimensional electron gas 
(2DEG) at the LAO/STO interface was the most popular explanation.P42-43P In 
present case, at the same LST particle forming under the fuel cell condition a 
heterostructure, i.e. an inherent insulating LST core covered by an amorphous 
LST layer of a few nm thick. The correlation between electrons and ions, 
(oxygen vacancies) has been recognized as a new scientific discipline of the 
Ionotronics. As pointed out: “It is an emerging technology that exploits the 
coupled ionic and electronic character of materials, including the profound 
modifications of structure, composition, and properties achievable through 
external fields”.P44P Introduction of oxygen vacancies results in a shift of the 
conduction band to lower energies. The electron and ion coupling or correlation 
can play an influential effect on the new physical properties, e.g. superionic 
conductivity in LST because the formed ion defects can change the electron 
state to introduce new energy level in the electron band structure. P45P Therefore, 
correlated energy band structure and oxygen defects may result in new physical 
phenomena, e.g. for the ionic transport which has not yet been well understood. 
It just starts as a new emerging fundamental subject to be carried out in our 
on-going research. Fig. 9(b) also presents a working principle of the LST 
electrolyte SOFC. It should be noted that the fuel cell environment is a 
prerequisite for the LST to be able to act as an oxygen ion conductor. It should 
  
be noticed that the in-plane electric fields inside the cell due to the potential 
difference between the anode and cathode may increase the oxygen vacancy 
concentration of the heterointerface between the surface amorphous layer and 
the bulk LST.P36P The situation is also similar to that of the CeOR2R nanosheaves, 
where an existing amorphous layer encapsulating the nanowire may serve as a 
fast conduction pathway.P46P The OP2-P can be transported through the interfaces’ 
highways of the LST particles. The correlation or coupling between the 
electrons and the oxide ions transported in the amorphous shell of the LST 
surfaces can strongly facilitate the hydrogen oxidation reaction (HOR) and 
oxygen reduction reaction (ORR) and lead to high power outputs for the device 
using them.  
4. Conclusions 
A novel core-shell heterostructured LST has been discovered and 
demonstrated successfully for advanced LTSOFCs for the first time. This 
structure can be considered as a semiconductor core and superionic conducting 
surface layer heterostructure. The fuel cell HR2R/air operation induced a 
superionic conduction phase transition from 10P-6 PS·cmP-1P (corresponding to an 
almost insulating phase) into a superionic phase with the conductivity of 0.221 
S·cmP-1P at 550 °C, corresponding to the conductivity enhancement by five 
orders of the magnitude. The correlation between electrons and oxide-ions 
(oxygen vacancies) in the core-shell heterostructure presents a new scientific 
mechanism for the LST superionic conduction and a new principle for 
advanced SOFCs. Unlike the conventional SOFC oxide ion structural bulk 
transport mechanism, the surface/interface highways constructed in the LST 
have demonstrated a new generation of high performance SOFCs at low 
  
temperatures, e.g., 908.2 mW·cmP-2 Pat 550 °C. This study provides strong 
evidence to support that the ionic transport properties at surfaces/boundaries 
can dominate the transport properties of the entire material when a sufficient 
content of boundaries and oxygen vacancies exists on the semiconductor 
particles. This work represents a new approach to design and develop advanced 
materials and devices for LT-SOFCs, helping to leverage the obvious 
advantages of the low cost for commercialization. 
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Figure 1 (a) TEM image of 2 h LST powder, (b) HAADF-STEM image of 2 h LST 
powder, (c) schematic of the core-shell structure of the LST particle and the space 
charge area in the compacted LST layer, and (d) diagram of the symmetrical cell with 
the Ni foam-NCAL/LST/NCAL-Ni foam structure 
 
 
  
 
Figure 2 I-V/I-P curves of the cell operated at 550, 500 and 450 °C in HR2 
 
 
 
 
 
 
  
 
Figure 3 OCV changes with time after pure HR2 Rand air were flowed into both sides of 
the cell with the LST electrolyte (the flow rates of HR2R and air were both 100 ml/min) 
 
 
 
 
 
 
 
  
 
Figure 4 SEM images of the cross section of the symmetrical cell and the magnified 
image of the LST electrolyte 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 5 (a) impedance spectra of the cell operated at 550 °C with air in both sides 
before the performance test in HR2R, and (b) impedance spectra of the cell operated at 
550 °C with HR2R/air, NR2R/NR2 Rand air/air sequentially (each pair of gases is flowed for 1 h 
for the EIS test) 
 
 
 
 
 
 
 
  
 
Figure 6 IV-IP curve of the cell with the bi-layered LST/GDC electrolyte and the 
corresponding schematic illustration of the cell 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 7 (a) O1s XPS spectra of the as-prepared LST powder, (b) O1s XPS spectra of 
the LST powder after reduction in HR2R at 550 °C for 2 h, (c) O1s XPS spectra of the 
LST powder scraped from the cell after the fuel cell measurements 
  
 
Figure 8 HRTEM images of LST powder before and after performance test, (a) 
raw powder, (b) LST powder scraped from the cell after the fuel cell 
performance test 
 
  
 
Figure 9 (a) Total electrical conductivity of the cell with the LST electrolyte in air/air 
and in air/HR2R and (b) schematic of the electrochemical reaction mechanism at the 
electrode and the oxygen ion transport mechanism in the cell with the LST electrolyte 
 
 
 
 
 
 
 
 
